Figure 1. Multiple Sequence Alignment of the YopT Family
The YopT family was identified by PSI-BLAST searches and aligned by the MacVector program. The YopT family contains the YopT gene from Yersinia pestis, Yersinia entocolitica, and Yersinia pseudotuberculosis. Other members are listed by SWISS-PROT or TrEMBL identification numbers followed by the known gene names. These include Q9ZHL0 and Q9ZHL3 from Haemophilus ducreyi, Q06277 from Haemophilus somnus, Q9CPH9 and Q9CPI1 from Pasteurella multocida, P55730 from Rhizobium, Q9AMW4 from Bradyrhizobium, Q9RBW5 and Q52430 (AvrPphB) from Pseudomonas syringae pv. phaseolicola, Q9F3T4 from Pseudomonas syringae pv. pisi, Q9JP32 from Pseudomonas syringae pv. tomato, Q9PKM6, Q9PKM7, and Q9PKM8 from Chlamydia muridarum, Q9RPH1 from Escherichia coli, and O82916 from Escherichia coli O157:H7. The putative catalytic cysteine, histidine, and aspartic acid are highlighted in yellow, blue, and red, respectively. Other invariant and conserved residues are colored in pink and green, respectively. Residues with similar chemical properties are in gray. The entire YopT family members fall into two groups: YopT from Yersinia and orfs from Pseudomonas and (Brady)Rhizobium encode small proteins with the size of 30-40 kDa, while the deduced molecular weights of the remainders (except p76) are greater than 300 kDa.
YopT Directly Binds to RhoA/Rac/Cdc42
The interaction with wild-type RhoA, as opposed to the RhoAL63 mutant, was much weaker (data not shown). in a Posttranslational Modification-Dependent Manner Unfortunately, we were not able to test the interaction with Rac and Cdc42 because both constitutively active Our finding that the yeast Cdc42 gene is a suppressor of YopT cytotoxicity, as well as the previous report that forms of Rac and Cdc42 are toxic to yeast under the assay conditions. the isoelectric point of RhoA was modified in host cells following Yersinia infection (Zumbihl et al., 1999) , To confirm the interaction with RhoA and to avoid the yeast toxicity seen with Rac and Cdc42, we used a GST prompted us to determine if RhoA, Rac, and Cdc42 could all directly interact with YopT. To address this pull-down assay. GST-tagged forms of constitutively active RhoAL63, RacL61, and Cdc42L61, but not GST question, we carried out a two-hybrid assay using YopT (C139S) and RhoAL63, a constitutively active mutant alone, coprecipitated with FLAG-tagged YopT (C139S) when the respective plasmids were coexpressed in form of RhoA. The selective growth on the His-deficient plates (YC-WHULK) shown in Figure 3C clearly suggests HEK293T cells and the cell lysates were subjected to GST pull-down ( Figure 3D ). In the reciprocal assay, rethat there is an interaction between these two proteins. 
combinant GST-YopT (C139S) immobilized on glutathi-
the YopT C139S mutant. GFP-CAAX has been shown to undergo the same posttranslational modifications as one beads was able to pull down RhoAL63, RacL61, and Cdc42L61 from the HEK293T cell lysates when these
Rho GTPases when it is expressed in yeast (Figueroa et al., 2001). We observed a weak interaction between GTPases were overexpressed (data not shown). These results indicate that Rho family GTPases including
YopT (C139S) and GFP-CAAX in the yeast two-hybrid assay, while there is no detectable interaction with GFP RhoA, Rac, and Cdc42 are all potential direct targets of YopT. alone ( Figure 3C ). Taken together, these results demonstrate that the direct interaction between YopT and Rho We were unable to detect any interaction between YopT and RhoAL63, RacL61, and Cdc42L61 produced GTPase relies on the CAAX-dependent modification of RhoA, Rac, and Cdc42. in bacteria. Since bacteria are not capable of posttranslationally modifying the GTPases, this suggested to us that the interaction of YopT with Rho GTPases could
The Enzymatic Activity of YopT Leads to the Loss of the Prenyl Group from RhoA/Rac/Cdc42 be mediated via posttranslational modification. RhoA, Rac, and Cdc42 are all known to undergo sequential Collectively, our data pointed to an interaction between the C-terminal-modified forms of RhoA, Rac, and Cdc42 posttranslational modifications at their carboxy-terminal CAAX box (C, cysteine; A, aliphatic residue; X, any resiand YopT (C139S). To explore the nature of this interaction, we employed the established Triton X-114 partidue) (Zhang and Casey, 1996) . The CAAX box provides the recognition elements for prenylation (geranylgeranytioning assay, which partitions lipid-modified proteins in the detergent phase and nonmodified proteins in the lation) of the cysteine, followed by proteolysis of the AAX tripeptide and methyl esterification of the cysteine. aqueous phase (Hancock, 1995). Overexpressing GSTRhoAL63 in HEK293T cells resulted in almost equal The lipid modification allows for the membrane anchorage of the GTPases (Zhang and Casey, 1996) . We deamounts of RhoAL63 protein partitioning in the detergent phase and aqueous phase ( Figure 4A ). Cotransfeccided to test the hypothesis that removal of the CAAX box from the GTPases would affect the interaction betion of wild-type YopT with RhoAL63 resulted in an almost complete loss of RhoAL63 from the detergent tween YopT (C139S) and Rho GTPases. Deletion of the CAAX box abrogates the two-hybrid interaction bephase. In contrast, transfection of the YopT mutants (C139S and H258A) shows substantial amounts of tween YopT (C139S) and RhoAL63 ( Figure 3C ). In contrast to the full-length GTPases, CAAX deletion mutants RhoAL63 in the detergent phase ( Figure 4A ). ␣-FLAG Western blots showed that YopT and the corresponding of RhoAL63, RacL61, and Cdc42L61 were unable to coprecipitate with the YopT (C139S) mutant when coexmutants were all expressed as anticipated ( Figure 4A ). Similar results were obtained for both RacL61 and pressed in HEK293T cells ( Figure 3D ). In addition, we placed the CAAX box of RhoA onto the carboxyl termiCdc42L61 (data not shown). Although the expression levels of GTPases are slightly different between YopTnus of GFP and assayed the two-hybrid interaction with an increase in RhoGDI binding. The difference between group from GST-RhoAL63, although the total GSTRhoAL63 remained at a similar level. To confirm that our experiment and that of Sorg et al. is that we monitored the GTP bound form of RhoA while Sorg and her the loss of the prenyl group is a direct effect of YopT enzymatic activity, we performed the cleavage reaction colleagues assayed for the endogenous RhoA. Our experimental design avoids the interchange between the in vitro using recombinant YopT or YopT mutant (C139S) and tritiated GST-RhoAL63. The tritium-labeled GSTtwo populations (GTP and GDP bound forms) of RhoA, which differ dramatically in their affinity to bind to RhoAL63 was purified from HEK293T cells labeled with 3 H-mevalonic acid and immobilized onto the GST beads. RhoGDI (Sasaki et al., 1993) . Furthermore, our results are consistent with the membrane detachment of RhoA As shown in Figure 4D , incubation with wild-type YopT, but not YopT (C139S), resulted in a dramatic loss of the induced by YopT as was noted by Zumbihl et al. (1999) as well as our other data described below demonstrating prenyl group from GST-RhoAL63. Taken together, our data suggest that YopT harbors an enzymatic activity that YopT leads to the loss of the prenyl group of RhoA.
To directly assess loss of the prenyl group of Rho toward Rho GTPases that can lead to the loss of their prenyl groups. To address whether YopT cleaves Rho GTPases, we expressed GST-RhoAL63 in HEK293T cells in the presence of YopT or YopT (C139S) and metaGTPases in a GTP bound-dependent manner, we carried out the in vitro cleavage assay described above using bolically labeled the cells with 3 H-mevalonic acid, which is incorporated into the prenyl group of RhoA. As shown both RhoAL63 (GTP bound form) and RhoAN19, the nucleotide-free form of RhoA. Preliminary results indicate in Figure 4C , coexpression of wild-type YopT, but not YopT (C139S), resulted in a complete loss of the prenyl that both the GTP bound and nucleotide-free forms of RhoA are equally good substrates for recombinant YopT cysteine proteases ( Figure 5A ). These structural characteristics include (1) the N-terminal half of the protease in vitro (data not shown). These data suggest that recognition by YopT is independent of the nucleotide bound domain is predicted to be largely made up of ␣ helix (shown in red), while the majority of the C terminus is to the GTPases. composed of ␤ strands (green); (2) HCl, 150 mM NaCl, 5 mM MgCl 2 , and 1 mM EDTA. The cells were lysed by sonication, and 200 l of the clear lysates were then suppleKun-Liang Guan (University of Michigan) and used as the PCR template for subcloning. Mammalian GST fusion constructs for RhoA, mented with 5 mM dithiotreitol and incubated with 2 g of recombinant YopT at 37ЊC for 40 min. A volume of 5 l of the lysates were Rac, and Cdc42 were generated by cloning the corresponding PCR products in-frame into the BamHI/ClaI sites of the pEBG-3X vector.
used as the input sample. The lysates were further incubated with 10 g of the bacterial-expressed GST-RhoGDI prebound to the GST pVP16-RhoA and RhoAL63 were prepared by subcloning the corresponding PCR fragments into the BamHI/EcoRI sites of the pVP16 agarose beads at 4ЊC for 1 hr. The beads were washed extensively and eluted with SDS sample buffer. The samples were separated by vector. pLex-GFP was a gift from Dr. Anne B. Vojtek (University of Michigan). All the CAAX constructs were generated using PCR SDS-PAGE and analyzed by Western blotting with anti-myc antibody (9E10, BABCO). strategies. p415GPD-yCdc42 was produced by PCR amplification of the yeast Cdc42 gene from the genomic clone pYEP13-Cdc42 and subsequent cloning into the SpeI/SalI restriction sites of Triton Partitioning p415GPD. The bacterial GST fusion expression construct for HEK293T cells (6 ϫ 10 6 ) cotransfected with 4 g of the expression RhoGDI was produced by amplification of the GDI2 gene from plasmids for YopT (or mutants) and 4 g of GST-RhoAL63 were pcDNA-GS-RhoGDI (Invitrogen) and subsequent subcloning into the lysed in 1 ml of the buffer containing 50 mM Tris-HCl (pH 7.5), 150 BamHI/EcoRI sites of pGEX-KG. All the point mutation constructs mM NaCl, 1% Triton X-114, and a protease inhibitor mixture. The were generated by QuikChange Site-Directed Mutagenesis Kit soluble cell lysates with equal amounts of total proteins were parti-(Stratagene). All the plasmids were verified by DNA sequencing. tioned into the aqueous phase and the detergent phase and further subjected to GST pull-down (Hancock, 1995). The pull-downs were resolved on SDS-PAGE followed by Western blotting with GST anProtein Expression and Purification GST-YopT was expressed in E. coli strain TG1, and GST-RhoGDI tibody. was expressed in the DH5␣ strain. E. coli strains harboring the corresponding plasmids were grown in LB medium containing 100
Membrane Release Assay and Membrane Fractionation g/ml ampicillin to a density of 0.6 (A 600 ). labeled with 0.06 mCi/ml 35 S-Cys and 35 S-Met labeling mix (NEN) in the cysteine-free medium. Cells were lysed and the lysates were subjected to GST pull-down as described above. The amount of GST Pull-Down Assay 3 H-GST-RhoAL63 was detected by autoradiography, and the total HEK293T cells (6 ϫ 10 6 ) cotransfected with 2 g of FLAG-tagged amount of GST-RhoAL63 was measured by Western blotting using YopT (C139S) and 5 g of the specified GST-RhoGTPases (or GST anti-RhoA antibody. alone) were lysed in 1 ml of the buffer containing 10 mM HEPES (pH 7.5), 50 mM NaCl, 1% Triton, 2 mM EDTA, and a protease inhibitor mixture (Roche Molecular Biochemicals). Precleared lyIn Vitro Cleavage Assay and Lipid Extraction For the in vitro cleavage assay, the tritium or 35 S-labeled GST-RhoA sates were subjected to the standard GST pull-down procedure, and beads were eluted in SDS sample buffer. The eluted samples immobilized on the GST beads was washed twice with the lysis buffer and then incubated with 2 g of YopT or YopT C139S mutant were resolved on SDS-PAGE and analyzed by Western blotting with FLAG M2 antibody (Sigma) or GST antibody (Santa Cruz). For the in the buffer (containing 50 mM Tris-HCl, 50 mM NaCl, and 4 mM dithiotreitol) for 45 min at 37ЊC. After incubation, the remaining RhoGDI pull-down assay, 6 ϫ 10 6 HEK293T cells were transfected
